Interspecific comparisons of microsatellite loci have repeatedly shown that the loci are longer and more variable in the species from which they are derived (the focal species) than are homologous loci in other (nonfocal) species. There is debate as to whether this is due to directional evolution or to an ascertainment bias during the cloning and locus selection processes. This study tests these hypotheses by performing a reciprocal study. Eighteen perfect dinucleotide microsatellite loci identified from a Drosophila simulans library screen and 18 previously identified in an identical Drosophila melanogaster library screen were used to survey natural populations of each species. No difference between focal and nonfocal species was observed for mean PCR fragment length. However, heterozygosity and number of alleles were significantly higher in the focal species than in the nonfocal species. The most common allele in the Zimbabwe population of both species was sequenced for 31 of the 36 loci. The length of the longest stretch of perfect repeat units is, on average, longer in the focal species than in the non-focal species. There is a positive correlation between the length of the longest stretch of perfect repeats and heterozygosity. The difference in heterozygosity can thus be explained by a reduction in the length of the longest stretch of perfect repeats in the nonfocal species. Furthermore, flanking-sequence length difference was noted between the two species at 58% of the loci sequenced. These data do not support the predictions of the directional-evolution hypothesis; however, consistent with the ascertainment bias hypothesis, the lower variability in nonfocal species is an artifact of the microsatellite cloning and isolation process. Our results also suggest that the magnitude of ascertainment bias for repeat unit length is a function of the microsatellite size distribution in the genomes of different species.
Introduction
Microsatellites are short (2-5 bp) tandemly repeated DNA sequences that are often highly variable in natural populations and, thus, useful in paternity, population genetic, and mapping studies (Jarne and Lagoda 1996) . Allelic variation in microsatellites can be assayed by PCR only if the sequence flanking the repeat is known. This problem is often circumvented by using microsatellite primers designed for one species (focal species) to amplify homologous loci in other species (nonfocal species; see references in Jarne and Lagoda 1996) . In some cases, DNA sequences flanking microsatellite repeat units are conserved among even distantly related taxa, making cross-species amplification a very useful technique (e.g., FitzSimmons, Moritz, and Moore 1995; Rico, Rico, and Hewitt 1996) . Several studies using cross-species amplification techniques have demonstrated that microsatellite alleles are longer and more variable in natural populations of the species from which they were derived (e.g., Ellegren, Primmer, and Sheldon 1995; FitzSimmons, Moritz, Moore 1995; Forbes et al. 1996) . proposed the directional-evolution hypothesis to explain why microsatellite loci in humans are longer and more variable than their homologs in other primates. Their argument is based on two tenets. First, microsatellites are longer in some species because the repeat units expand more often than they contract as they mutate, as has been demonstrated in humans and barn swallows (Primmer et al. 1996) . Second, mutation rates vary considerably among species with different effective population sizes. In species which have recently experienced significant expansion in population size (such as humans), an increase in the proportion of heterozygous individuals with unequal-length alleles on homologous chromosomes generates a higher likelihood of mutation due to unequal crossing over. Amos and Rubinsztein (1996) argued that in human-primate comparisons and similar comparisons of other species, the species from which the microsatellites were derived have larger population sizes and, consequently, higher rates of microsatellite mutations. Since microsatellite mutations are biased toward expansion, the species with the larger effective population size and, consequently, the higher mutation rate, should have longer microsatellite loci. Ellegren, Primmer, and Sheldon (1995) and Forbes et al. (1995) proposed that microsatellite loci identified by DNA library screens overrepresent the repeat size distribution in a given species' genome because the screening conditions favor the identification of clones with long repeat units (Ellegren, Primmer, and Sheldon 1995; FitzSimmons, Moritz, and Moore 1995; Forbes et al. 1995; Pépin et al. 1995) . Since homologous loci have different evolutionary histories within different species, long microsatellite loci in one species will not necessarily be long in another species. Thus, if primers developed from one species are used to amplify microsatellites in other species, length ascertainment bias can result in an observed difference between species even if the mean size of microsatellites is the same in the two species.
One method to test these alternative hypotheses is to perform a reciprocal study surveying repeat unit length and population variation in two species using mi-crosatellite loci identified from each of the species (Ellegren, Primmer, and Sheldon 1995; Forbes et al. 1995) . If evolution is directional and is proceeding at different rates in the two species, then one would expect the microsatellite loci surveyed to be longer in one species regardless of species of derivation. In contrast, if there is length ascertainment bias, one would expect the microsatellites to be longer in the focal species. For both models, the species with longer microsatellites should exhibit higher levels of population variation.
Two such studies have previously been performed using microsatellites derived from cattle (Bos taurus) and sheep (Ovis aries). Consistent with the ascertainment bias hypothesis, Ellegren et al. (1997) found longer and more variable microsatellites in the focal species. In contrast, using an independent collection of loci, Crawford et al. (1998) found that microsatellites were longer in sheep than in cattle regardless of whether they were originally identified from sheep or cattle. This observation is consistent with the directional-evolution hypothesis. Two factors potentially confound interpretation of the data in these studies. First, the microsatellites they used in the assays were identified in multiple DNA library screens performed under different conditions in different laboratories. Second, both studies compare breeds of domesticated animals and not natural populations.
In this study, we identify dinucleotide microsatellite loci from Drosophila simulans using procedures identical to those previously used to identify microsatellites from a Drosophila melanogaster subgenomic DNA library screen (Schug et al. 1998b ). We chose 18 perfect microsatellites from each species, with no prior knowledge of population variability. We surveyed two populations of each species using all of the microsatellites to assay differences in microsatellite length and variation. Drosophila melanogaster and D. simulans are excellent species with which to test the directional-evolution and ascertainment bias hypotheses, because we know details about microsatellite evolution within D. melanogaster (Schug et al. 1998a ), a library screen has already been performed identifying microsatellites in D. melanogaster (Schug, et al. 1998b) , and an earlier study using microsatellites identified in a GenBank search of D. melanogaster showed a reduction in length and population variation when the same markers were assayed in D. simulans populations (Wetterstrand 1997) . PCR fragment length is not always indicative of the microsatellite repeat unit size and structure due to variation in the nucleotide sequence flanking the repeat unit, and interruption of the repeat unit by base pair substitutions (e.g., Blanquer-Maumont and Crouau-Roy 1995; Estoup et al. 1995; Pépin et al. 1995; Schug et al. 1998a ). We thus sequenced representative alleles for a sample of the microsatellites from each species.
Materials and Methods
Subgenomic DNA Library Screens We followed the protocol described by Schug et al. (1998b) to isolate and characterize D. simulans microsatellites. CsCl 2 -prepared genomic DNA from three D. simulans isofemale lines from North Carolina (Aquadro, Lado, and Noon 1988) were partially digested with Sau3AI. DNA fragments 350-550 bp in length were excised and purified from a 2% TBE agarose gel using glass beads (Qiagen), dephosphorylated with CIAP, purified again, and ligated into the BamHI site of pUC18 polylinker using a rapid DNA ligation kit (Boehringer Mannheim). Ligations were purified using the QIAquick PCR purification kit (Qiagen) and transformed by electroporation into DH10B electrocompetent Escherichia coli cells (GIBCO BRL). For each screen, approximately 20,000 white colonies were plated on LB/ampicillin/ Xgal 150-mm petri dishes (20 plates with approximately 1,000 colonies per plate) and lifted onto nylon membranes (Magnalift, MSI Inc.) . Approximately 2,500 white colonies from the D. melanogaster library (Schug, Mackay, and Aquadro 1997) were also included in the hybridization as a control.
Denaturation of plasmid DNA and hybridization followed modifications of protocols in Sambrook, Fritsch, and Maniatis (1989) and Duby (1988) . Briefly, (AC) 15 , (AG) 15 , (AT) 15 , and (CG) 15 oligonucleotides were synthesized and end-labeled with 32 P-␥-ATP. Prehybridizations were performed for 1.5 h in 6 ϫ SSC, 0.01 M sodium phosphate (pH 6.8), 1 mM EDTA (pH 8.0), 0.5% SDS, and 0.1% BSA. Hybridization to colony lifts was performed for 18-24 h at 64ЊC in 3.0 M TEMAC (Sigma Chemical Co.), 0.01 M NaPO 4 , 1 mM EDTA (pH 8.0), 0.5% SDS, and 0.1% BSA. Washes were as described by Duby (1988) , with a single high-temperature wash at 65ЊC. The nylon membranes were exposed to X-OMAT AR film (Kodak) overnight at Ϫ70ЊC. Positive colonies in a secondary screening were sequenced on an ABI 377 at the NYS Center for Advanced Technology sequencing facility at Cornell University. All loci were named DSIM#, where the number (#) refers to the order in which the positive clones were picked in the primary screen. Multiple microsatellites within a clone were labeled consecutively by letter (e.g., DSIM6a, DSIM6b).
PCR Primer Design and Optimization
For 46 of the 55 microsatellites isolated in the D. simulans library screen, we designed primers in the sequence flanking the microsatellites using Primer 3 of Rozen and Skaletsky (code available at http:// www.genome.wi.mit.edu/genome software/other/ primer3) or by eye. Primers were chosen so that the PCR products were 80-250 bp (table 1) . We were unable to design primers for the nine remaining loci, because the microsatellite was too close to the end of the insert fragment, the flanking sequence was A/T-or repeat-rich, or the sequence was not resolvable.
Perfect microsatellites (those with flanking runs following an interruption containing less than three repeats; Weber 1990) were selected to simplify classification of microsatellite length and to standardize the criterion of marker selection between the two Drosophila species. The loci chosen for D. melanogaster were DM28, DM30, DM40, DM42, DM54, DM55, DM58,  , DSIM6a, DSIM6b, DSIM10, DSIM18, DSIM25, DSIM28a, DSIM29, DSIM30, DSIM36, DSIM42b, DSIM45, DSIM50, DSIM56a, DSIM86, DSIM103, DSIM119, and DSIM154 . The markers were selected with no prior knowledge of variability.
Population Surveys Previous studies have documented population structure among geographically distinct populations of D. simulans and D. melanogaster (e.g., Lachaise et al. 1988; Begun and Aquadro 1994, 1995) . Thus, we assayed populations of each species from their ancestral range in Africa and from their more recently colonized range in the United States to examine the effect of population structure on microsatellite length and variation within different populations of each species. Zimbabwe samples for both species were collected in Harare, Zimbabwe, in February 1994 by T. Mutangadura. United States samples of D. simulans included individuals collected in Banes Orchard, Floral City, Fla., and Sugarmill Woods, Homassasa, Fla., collected by C. F. Aquadro in March 1994. United States samples of D. melanogaster were collected at the USDA Experimental Station, Beltsville, Md., by C. F. Aquadro in 1989. Flies were maintained as isofemale lines in the laboratory.
DNA was extracted in 50-l volumes from single flies (Gloor et al. 1993 ) for 20-28 isofemale lines established from each of the four populations. Microsatellite primers were end-labeled with 33 P-␥-dATP. A negative control without DNA was included for each locus. Amplification consisted of 30 cycles of 30 s at 94ЊC, 30 s at 53-65ЊC, and 1 min at 72ЊC. After amplification, 2.6 l of each reaction was separated on a 6% glyceroltolerant polyacrylamide DNA sequencing gel at 65 W for 1.5-3.5 h. A pUC18 DNA sequencing reaction was run on the gel adjacent to the PCR products as a size standard. Reference individuals were included across gels. Dried gels were exposed to BIOMAX film (Kodak) for 1-2 days. Loci DSIM6a and DSIM42b and loci DSIM25 and DSIM36 were multiplexed in single PCR reactions. Because the flies were maintained as isofemale lines, one allele was chosen at random in cases in which heterozygous individuals were observed. Assay conditions are available on our www site (http:// www.bio.cornell.edu/genetics/aquadro/aquadro.html).
DNA Sequencing of Microsatellite Alleles
For each of the D. simulans-derived loci and each of the D. melanogaster-derived loci, one individual representing the most common allele size in the Zimbabwe population was sequenced for both D. simulans and D. melanogaster. PCR reactions were performed in a 50-l volume, 35 l of which was separated on a 2% TBE agarose gel. The PCR fragment was purified using a QIAEX II gel extraction kit (Qiagen) and cycle sequenced. Alleles for the same locus from D. simulans and D. melanogaster were run in adjacent lanes for ease of comparison. For sequencing, we used a dideoxy terminator cycle sequencing kit (Amersham) which consistently produced resolvable sequence 1 bp from the primer and beyond. If there were any ambiguities in the number of base pairs between the primers or in the base pair composition of the microsatellite region, then the loci were also sequenced with the other primer. Although microsatellite repeat units were always resolvable using this method, in some cases, flanking sequences contained unresolvable or ambiguous sites. We therefore do not report the flanking sequences in this paper, but they are available upon request.
Statistical Analysis
Mean PCR product size, expected heterozygosity, variance in inferred repeat number, and number of alleles were estimated for each population. Mean PCR product size was determined by comparison to the pUC18 DNA ladder and the size standards. Expected heterozygosity was calculated as H ϭ n/(n Ϫ 1)[1 Ϫ (⌺q )], where n is the number of alleles and q i is the 2 i frequency of the ith allele in the population. Variance in inferred repeat number was calculated by first dividing the PCR product size by two (since the microsatellites are dinucleotides) and then calculating the sample variance. Since an estimate of the number of alleles in a population is dependent on sample size, and our sample size varied slightly across loci (see appendix), we randomly selected 18 chromosomes in each population (the smallest sample size for all of the populations) to estimate the number of alleles.
For each of the four summary statistics, we performed a blocked ANOVA with one among-block factor (species of derivation) and two within-blocks factors (focal/nonfocal species and population) as outlined in Zar (1996, pp. 298-301) using SYSTAT (SPSS Inc.). Inspection shows mean PCR product size, heterozygosity, and number of alleles all to be approximately normally distributed; however, the variance in repeat unit length had a skewed distribution and was zero for some populations. Therefore, these data were transformed to log(variance ϩ 1).
We estimated the number of microsatellite repeat units (''inferred repeat number'') at each locus in the Zimbabwe populations by comparing the PCR product size of the most common allele to the PCR product size predicted for the clone sequenced in the subgenomic DNA library screen assuming no flanking sequence variation and that all differences in length were due to different numbers of repeat units. This was not done for DM92 and DM114, because the exact length between the PCR primers is unknown; the cloned inserts of these loci could not be sequenced accurately due to slippage by the Taq enzyme in the microsatellite region. We also directly sequenced the repeat unit for the longest allele in the Zimbabwe population to count the maximum number of contiguous repeat units.
We performed regression analyses to examine the relationship between microsatellite size and population variation by comparing expected heterozygosity, number of alleles, and variance in inferred repeat number with the length of the perfect repeat and the inferred repeat size for the Zimbabwe populations of both D. melanogaster and D. simulans.
Results

Drosophila simulans Subgenomic DNA Library Screen
A total of 52 potentially positive clones were identified and sequenced from the D. simulans subgenomic library, 50 of which contained dinucleotide repeats. Two of the clones were identical, and six contained two dinucleotide repeats within the same clone. Thus, a total of 55 dinucleotide repeat units were identified. Of these, 46 (84%) were AC repeats, 5 (9%) were AG repeats, 4 (7%) were AT repeats, and none were CG repeats. These frequencies are similar to those of D. melanogaster (Schug et al. 1998b) .
Using Weber's (1990) criterion for perfect versus imperfect repeat units, 25 of the microsatellites we identified are perfect repeats, 24 are imperfect, and 6 are compound. Taking the length of the longest stretch of contiguous perfect repeat units to represent the length of each of the 55 microsatellites, the average length of microsatellites found in the D. simulans library screen was 10.05 repeat units, which is nearly identical to the average of 10.3 repeat units for a D. melanogaster library screen (Schug et al. 1998b) . Microsatellite repeat unit lengths ranged from 4 to 17 repeat units in D. simulans and from 5 to 30 repeat units in D. melanogaster. Primer sequences and expected PCR product sizes are listed in table 1.
Using the BLAST search (Altschul et al. 1990 ), we found that three of the clones matched sequences deposited in GenBank. DSIM6 matched the subclone D15 3f11 P1 DS08322 (accession number L32723), DSIM50 matched a polyhomeotic mRNA (accession number X63672), and part of DSIM97 matched the hobo insertion element (accession number V01519).
Microsatellites appear to be less abundant in D. simulans than in D. melanogaster. Given that 55 microsatellites were identified in a screen of 40,000 clones, with inserts averaging around 400 bp, we estimate that dinucleotide repeats occur on average approximately once every 291 kb in the D. simulans genome. In contrast, in D. melanogaster, microsatellites occur, on average, once every 60 kb (Schug et al. 1998b) . It is un- likely that the difference is due to different stringencies in screening procedures, because the difference in ratios of microsatellites identified per number of base pairs screened was also apparent from a D. melanogaster subgenomic DNA library that was hybridized simultaneously with the D. simulans library (30 microsatellites in approximately 2,550 white colonies, with inserts averaging approximately 700 bp, or one microsatellite every 59.5 kb). An earlier study of in situ hybridizations of CA oligos to polytene chromosomes also indicated that microsatellites are less abundant in D. simulans than in D. melanogaster (Pardue, et al. 1987 ), but did not give a quantitative prediction of the magnitude of the difference. Drosophila simulans also has a lower content of middle repetitive DNA (Dowsett and Young 1982) , shorter proteins (Akashi 1996) , and a higher rate of spontaneous deletions (Petrov and Hartl 1998) . These observations suggest stronger constraints on genome size or more efficient selection (perhaps due to a larger effective population size or a higher average rate of recombination) for a streamlined genome in D. simulans.
Directional Evolution or Ascertainment Bias of Inferred Repeat Unit Length and Variability?
Averages and standard errors for mean PCR product size, expected heterozygosity, number of alleles, and variance in inferred repeat number were calculated for all loci and are presented in table 2. The values for all four statistics for each loci are available on our www site or by request. Allele frequencies for individual loci are presented in the appendix. All loci were variable in at least one population of each species.
For the purposes of the ANOVA analysis, species were coded as ''focal,'' representing the species from which a particular microsatellite was identified in the DNA library screen, and ''nonfocal,'' representing the other species. In this way, D. melanogaster-and D. simulans-derived loci could be grouped for statistical analysis. Table 3 outlines the design of the ANOVA test as detailed in Zar (1996, pp. 299-301) . The same structure was used to test mean PCR product size, log(variance ϩ 1), and number of alleles. Results of the NOTE.-The levels of the factor ''Derivation'' are Drosophila melanogaster-and Drosophila simulans-derived loci. The levels of the factor ''Species'' are focal and nonfocal species. The levels of the factor ''Population'' are Zimbabwe and American populations.
ANOVA are summarized in table 4. The three-factorial two-way ANOVA shows a significant difference between focal and nonfocal species for number of alleles but not for mean PCR length or log(variance ϩ 1). The focal species exhibited more variability for both measures. The ''population'' factor was significant for all three measures of variability. For heterozygosity and number of alleles, the Zimbabwe populations were more variable than the American populations, consistent with most DNA sequence data for these species (e.g., Begun and Aquadro 1994, 1995) . For variance in allele size, the American population was more variable, due mostly to three outliers (DM73, DM97, and DSIM29). For mean PCR product size, the ''species of derivation'' effect was significant, reflecting longer distances between the primers in D. melanogaster. This reflects the choice of flanking sequence for primer design and has no biological significance. There was a significant interaction between ''species of derivation'' and ''focal/nonfocal'' (F ϭ 4.86; df. ϭ 1,34; P Ͻ 0.05) and between ''population'' and ''focal/nonfocal'' (F ϭ 6.04; df ϭ 1,34; P Ͻ 0.05) for mean PCR product size. All other effects and interaction terms were not significant for the different response variables. Importantly, unlike in previous studies Ellegren et al. 1997) , no difference was observed in mean PCR product size between focal and nonfocal species.
We performed a power analysis to determine the smallest difference in PCR product size between focal and nonfocal species that would be detected by the ANOVA using formulas in Zar (1996, p. 266 ) and determined that a difference of approximately 4.16 bp (just over 2 repeat units) would be detectable with 80% power at a significance level of 0.05. Thus, the difference would have to have been very small (less than two repeats) for the ANOVA test to fail to detect the difference.
If the difference in variability is due to an ascertainment bias, but one of the species is actually fundamentally more variable than the other (due, for example, to a larger species effective population size), one would expect the magnitude of the reduction in heterozygosity from focal to nonfocal species to be larger for microsatellites derived from the more variable species (Ellegren et al. 1997) . No such difference was detected in our data using a t-test (t ϭ 0.027, P ϭ 0.98).
Directional Evolution or Ascertainment Bias of Actual Repeat Unit Length
We sequenced a representative individual from the Zimbabwe population for 15 of the 18 D. melanogaster and 16 of the 18 D. simulans loci. Sequences of the remaining five loci (DM42, DM54, DM95, DSIM56a, and DSIM154) were not resolvable in at least one of the two species. Since the focus of this analysis was to determine the sequence of the dinucleotide repeat and the number of nucleotides in the PCR product, we did not try to resolve ambiguities in the base pair composition of the flanking sequence. Table 5 lists the sequences of the microsatellite regions, including any imperfect repeat units, and the repeat sequence of the original DNA library clone. Some microsatellites were imperfect (6 of 31 (19%) loci in the focal species and 15 of 31 (48%) in the nonfocal species), even though the clone sequences contained perfect repeat units. For D. melanogasterderived loci, the lengths of stretches of perfect repeat units ranged from 3 to 23 (mean ϭ 9.67) repeat units for D. melanogaster and from 2 to 14 (mean ϭ 6.73) repeat units for D. simulans. For D. simulans-derived loci, the lengths of stretches of perfect repeat units ranged from 4 to 12 (mean ϭ 8) repeat units for D. melanogaster and from 5 to 11 (mean ϭ 8.75) repeat units for D. simulans.
Combining loci, the length of the longest perfect stretch of repeat units was significantly shorter in the nonfocal species than in the focal species (t ϭ 2.78; df ϭ 30; P ϭ 0.0046). We also found a significant positive correlation between the expected heterozygosity and the length of the longest perfect stretch of repeat units in the nonfocal species comparison for both D. melanogaster-derived loci (r ϭ 0.54, P ϭ 0.036) and D. simulans derived loci (r ϭ 0.68, P ϭ 0.004; fig. 1 ). The same trend was observed for the focal species comparison, but the trend was not significant ( fig. 1) . When heterozygosity was compared with the inferred repeat number, there was no significant correlation in any population. In no case was there a significant relationship between size of the actual or inferred repeat and the number of alleles or variance of inferred repeat number.
Divergence in the lengths of flanking sequences between D. melanogaster and D. simulans was observed for 58% of the sequence pairs. Sizes of insertions/de- figure 2 . The two largest differences (18 and 12 bp, respectively) were both in cases in which the flanking sequence was longer in D. melanogaster. However, there is no difference in the distribution of magnitude of difference for flanking sequences longer in D. melanogaster versus that for flanking sequences longer in D. simulans using a nonparametric Mann-Whitney U-test (z ϭ Ϫ1.422; P ϭ 0.1551); a nonparametric test was used instead of a more powerful t-test because the differences are not normally distributed.
Discussion
Unlike other interspecific comparisons of microsatellite loci Ellegren, Primmer, and Sheldon 1995; Ellegren et al. 1997; Crawford et al. 1998) , this study did not detect a reduction in mean PCR product size between the focal and nonfocal species for either D. simulans-or D. melanogaster-derived loci. However, we did observe a difference in variability, with the expected heterozygosity and number of alleles being higher in the species from which the microsatellites were isolated regardless of the species of derivation. Additionally, direct sequencing of the most common allele in the Zimbabwe population showed that a larger number of loci harbor imperfect repeats in the nonfocal species compared with the focal species and that the perfect repeat unit is, on average, longer in the focal species than in the nonfocal species.
As discussed in the introduction, two hypotheses have been proposed to explain differences in mean PCR product size: (1) directional evolution with different rates of mutation in different species , and (2) ascertainment bias (Ellegren, Primmer, and Sheldon 1995). Our experiment was designed to directly test these two hypotheses. The directional-evolution hypothesis predicts that microsatellite loci should always be longer in one of the two species surveyed. The ascertainment bias hypothesis predicts that microsatellites should be longer in the focal species. That our data do not fit either of these predictions demonstrates that the simple dichotomy of these two models is not applicable to all interspecific microsatellite comparisons. For Drosophila, the ratio of microsatellite mutation rate to base substitution rate is low relative to that for mammals, and the microsatellites are short (Schug, Mackay, and Aquadro 1997) . As discussed below, these properties cause imperfections in the microsatellites, as opposed to differences in repeat length between species, to have the greatest effect on interspecific comparisons.
As outlined by Amos and Rubinsztein (1996) and Amos and Harwood (1998) , the directional-evolution hypothesis does not simply predict that microsatellites will be longer in one species. Increased heterozygosity in larger expanding populations may drive the different rates of microsatellite mutation if a mutational bias toward larger alleles in such populations increases the average number of repeat units at each locus. The directional-evolution hypothesis thus predicts that microsatellites should be longer and more variable in D. simulans than in D. melanogaster, because D. simulans is thought to have a larger effective population size (e. g., Moriyama and Powell 1996) . We did not observe this pattern; if anything, the trend is for the PCR product to be longer in D. melanogaster.
One explanation for the lack of directional difference in mean PCR product size could be that D. melanogaster and D. simulans are simply not divergent enough. Indeed, the mutation rate estimated for dinucleotide repeats in D. melanogaster is 9.3 ϫ 10 Ϫ6 per locus, per generation, which is as much as an order of magnitude lower than that for mammals (Schug et al. 1998c) . If two species are closely related with respect to microsatellite mutation rate, only a small number of mutation events would separate their homologous loci; microsatellites that are long in the focal species would have been long in the common ancestor of the two species and would also be long in the nonfocal species. The divergence time between D. melanogaster and D. simulans has been estimated to be 2.3-3.4 Myr (Hey and Kliman 1993; Russo, Takezaki, and Nei 1995) , which corresponds to 1.15 ϫ 10 7 -1.70 ϫ 10 7 generations (at 5 generations/year). This is almost two orders of magnitude larger than the number of generations separating humans and chimpanzees: Humans and chimpanzees diverged approximately 5 MYA, corresponding to 3 ϫ 10 5 generations (at 15 years/generation). This difference counterbalances the difference in microsatellite mutation rates. Furthermore, although the difference is not directional, there is a difference in mean size of PCR products between D. melanogaster and D. simulans. The average absolute difference across all loci for the Drosophila species is 6.85 bp (ϳ3.5 repeat units), comparable to the mean difference of 8 bp (4 repeat units) in a comparison of humans and chimpanzees .
We propose that the reason the mean PCR product size is not significantly reduced in the nonfocal species in this comparison of D. melanogaster and D. simulans relates to the distribution of microsatellite sizes for D. melanogaster compared to that for mammals. Schug et al. (1998b) noted that microsatellites are short in D. melanogaster compared with those in mammalian species. Kruglyak et al. (1998) have compiled a list of the sizes of all dinucleotide microsatellites in approximately 1 Mb of nonoverlapping sequence in GenBank for D. melanogaster, Homo sapiens, and Mus musculus. Histograms showing the relative frequencies of differentsized repeats for each species are shown in figure 3. The distribution for both mammalian species has a longer tail, with a higher proportion of long repeats than is seen for D. melanogaster. Since the number of long microsatellites is so much smaller, there is less of an opportunity for length ascertainment bias in D. melanogaster. DNA library screens are usually designed to identify long microsatellites, since long microsatellites are thought to be more variable and, therefore, more useful. For a species for which the distribution of repeat unit sizes has a long tail, such as humans, DNA library screens will preferentially identify microsatellites from the tail-end of the distribution and, therefore, overrepresent long microsatellites. As a result, there may be more of an opportunity for ascertainment bias in repeat unit length. In contrast, for a species with few long microsatellites, such as D. melanogaster, the DNA library screen will identify microsatellites that are more representative of the entire microsatellite length distribution. This may explain why no directional length difference was observed in this study, while one has been observed for mammalian species.
A reduction in variability in the nonfocal species was observed using either heterozygosity or number of alleles as a measure. Variance in inferred repeat size did not show a significant difference between the focal and nonfocal species. This may be due to the estimator's large evolutionary variance (Pritchard and Feldman 1996) and increased sensitivity to indels in the flanking sequence (see discussion below). It may also be due to the large historic correlation of this estimator (Moran 1975; Kimmel and Chakraborty 1996; Harr et al. 1998) . Several other studies have noted a drop in variability when microsatellites are used to study species other than the one in which they were identified (e.g., FitzSimmons, Moritz, and Moore 1995; Rico, Rico, and Hewitt 1996; Ellegren et al. 1997 ). In some of these studies, the reduction in heterozygosity is considered a by-product of the size ascertainment bias (Forbes et al. 1995; Ellegren et al. 1997) . It has also been suggested that the clone selection process, favoring long stretches of perfect repeats, has an inherent bias in terms of levels of variability separate from the length ascertainment bias (Goldstein and Pollock 1997) . Indeed, we argue that the reciprocal reduction of heterozygosity in this study is due to a difference in the lengths of the perfect repeat units.
Sequencing studies of multiple microsatellite alleles usually reveal differences in the underlying structure of the repeat unit and in the length of the flanking sequence, two properties that cannot be inferred from the PCR product size (see Angers and Bernatchez 1997; Ortí, Pearse, and Avise 1997 and references within) . Two themes emerge from these studies. First, the repeat unit sequence can change between species (BlanquerMaumont and Crouau-Roy 1995; FitzSimmons, Mortiz, and Moore 1995; Garza, Slatkin, and Freimer 1995) and between individuals within a species (Jin et al. 1996; Angers and Bernatchez 1997) , often being perfect in one species and imperfect in the other. Second, imperfect repeats tend to be less variable than perfect repeats (Goldstein and Clark 1995; Pépin et al. 1995 , Jin et al. 1996 , and the length of the perfect stretch of repeat units correlates with levels of variability (Weber 1990; Goldstein and Clark 1995; Schug et al. 1998c) . The data in this study lend strong support to both observations. Although the microsatellites were chosen to be perfect in the focal species, a large number of the representative individuals sequenced from both the focal and the nonfocal species had imperfect repeat units. The proportion of loci that were imperfect was higher in the nonfocal (less variable) species than in the focal species.
We also observed a positive correlation between the length of the perfect stretch of repeat units and the level of heterozygosity in the nonfocal comparison. This correlation is significant for the Zimbabwe population of D. melanogaster using D. simulans-derived microsatellites and for the Zimbabwe D. simulans population using D. melanogaster-derived microsatellites. The relationship is not significant for the focal species comparison in which the loci are used in the species from which they were derived. We argue that this is because the nonfocal comparisons have more loci with relatively short stretches of perfect repeats. Heterozygosity is a bounded estimate, ranging from zero to one. A wide range of repeat sizes, including a number of loci with short repeats, may be necessary to detect the relationship. Additionally, only one individual was sequenced for each species at each locus. The sequence composition of the microsatellite may not be the same for all of the individuals in the population. The relationship between repeat length and variability would not have been detected if we had not sequenced representative individuals; no relationship was observed when we used the repeat length inferred from the PCR size. In addition, the extent to which within-species ascertainment bias could have contributed to these patterns is unknown.
Sequencing not only helped to clarify the difference observed in levels of variability, it also demonstrated the presence of flanking sequence variation. As shown in figure 2, differences in the lengths of flanking sequences, although often relatively small (less than 2 bp), were present in 58% of the cases. This underscores the importance of obtaining direct sequence information for interspecific comparisons using microsatellite loci. Such flanking sequence differences can alter interpretation of microsatellite length (the most striking example in these data is DSIM3; the microsatellite at this locus would be interpreted as being two repeats longer in D. melanogaster than in D. simulans based on the PCR product size when, in fact, the repeat sequence is five units smaller). In this way, flanking sequence will affect measures of microsatellite polymorphism and divergence. Large differences will most seriously affect measures such as (␦) 2 and variance in repeat size, which are calculated based on differences in repeat unit size. This may be more of a problem for species, such as D. melanogaster, having low mutation rates for microsatellites. For such species, the microsatellite mutation rate is low relative to the rate of flanking sequence length variation and the rate of base pair substitutions in the flanking sequence and in the microsatellite itself.
Conclusions
The results of this study support the hypothesis that ascertainment biases can affect interspecific comparisons. Instead of a PCR fragment length ascertainment bias, we observe a bias in terms of variability. By originally selecting microsatellites that were perfect in the library clones, we selected a larger proportion of perfect alleles and, on average, a larger number of perfect repeats per locus in the focal species than in the nonfocal species. This resulted in higher heterozygosity in the focal species. If the reciprocal test had not been performed, we might have misinterpreted the observed reduction in variation. For example, we might have attributed the observation to a biological cause such as a difference in effective population size. Whenever microsatellites isolated in one species are used in another species, consideration should be given to potential biases resulting from the clone selection criteria used for the original species. 
